Amyloid-␤ (A␤) is causally implicated in Alzheimer's disease and neuroplasticity failure has acquired validity as a possible mechanism of early AD pathogenesis. We have previously demonstrated that oligomeric A␤ 1-42 inhibits LTP in the dentate gyrus of rat hippocampal slices. We now show, using whole cell recordings in hippocampal granule cells, that oligomeric A␤ 1-42 decreases neuronal excitability. In particular, A␤ 1-42 application was associated with a decrease in the number of action potentials fired in response to current injection, and with an increase in the amplitude of the afterhyperpolarization. Reduced excitability may underlie the A␤-mediated impairment in neuroplasticity, and ultimately may contribute to the memory loss in Alzheimer disease. © 2006 Elsevier Ireland Ltd. All rights reserved.
Amyloid-␤ may be considered a causal factor in AD because autosomal dominant mutations associated with A␤ overproduction lead to the disease. We and others have specifically demonstrated that oligomeric A␤ induces inhibition of longterm potentiation (LTP) in the rodent hippocampus [13, [15] [16] [17] . LTP is a form of neuroplasticity that is a widely accepted model for the cellular basis of learning and memory. Lack of neuronal reserve and insufficient neuroplasticity are attractive theories to explain the pathogenesis of AD, with gradual decline in synaptic function eventually leading to frank neuronal loss [6, 11] .
Based on recent reports demonstrating a crucial role for intrinsic neuronal excitability in the generation of LTP [2] , we hypothesized that oligomeric A␤ acts to diminish neuronal excitability. To test this hypothesis we used whole cell recordings in hippocampal dentate gyrus granule cells and compared action potential (AP) generation and afterhyperpolarization (AHP) size in the absence and presence of oligomeric A␤ Hippocampal slices used in the experiments were prepared from young male (5-6 week) C57Bl/6 mice. Animals were decapitated after deep inhalation anaesthesia by isoflorane, and their brains were quickly removed and placed in ice-cold artificial cerebrospinal fluid (ACSF) of the following composition (in mM): NaCl 124, KCl 3, CaCl 2 2.4, MgSO 4 1.3, NaH 2 PO 4 1.25, NaHCO 3 26, and glucose 10 (gassed with 95% O 2 /5% CO 2 , pH 7.4). After removal of the lateral cerebral convexities by parasagittal cuts, brains were bisected along the interhemispheric fissure, trimmed, and glued at the lateral surface to the specimen tray of a vibrating tissue slicer (Vibratome) with cyanoacrylate. Slices were cut at a thickness of 350 m and were transferred to a holding chamber where they were kept at 35 • C for 60 min then allowed to cool to room temperature. Slices were transferred as needed to a small volume perfusion chamber maintained at 32 • C, superfused with ACSF at 2 ml/min, and mounted on a fixed stage Zeiss Axioscope with attached infrared camera and video monitor.
Recording electrodes had tip impedence 4.5-6.0 M and the electrode solution consisted of (in mM): potassium gluconate 117.5, potassium methylsulfate, 17. ethanesulfonic acid (HEPES) 10 (pH 7.2, osmolarity adjusted to 285 mOsm). Liquid junction potentials were determined to be 8 mV for this internal solution and all reported membrane potentials were appropriately corrected. Visualized whole-cell recordings were made in the suprapyramidal limb of the dentate gyrus granule cell (GC) layer approximately midway between the crest and the distal end of the limb using an Axoclamp-2A amplifier and pClamp9 software (Axon Instruments). Cell access was obtained in voltage clamp mode and seals were 2-5 G prior to break-in. Membrane input resistance (Rm) was measured in response to hyperpolarizing pulse of 0.1 nA and was more hyperpolarized than −72 mV for all cells used.
Stable oligomeric A␤ 1-42 (A␤) was prepared as previously described [12] . The vehicle for A␤ was DMSO diluted in F12 culture media. A␤ or the identical volume of vehicle was resuspended in ACSF to give a concentration of 300 nM. Final DMSO concentrations in ACSF for recording were always ≤0.01%. Cells were subjected to one of two protocols: perfusion with ACSF followed by oligomeric A␤ 1-42 or perfusion with ACSF followed by vehicle.
To investigate the excitability of neurons, action potentials (APs) were induced in GCs from V holding = −80 mV in two ways: (1) 100 ms duration current steps ranging from 50 to 250 pA in 50 pA increments; or (2) a single 150 pA current injection of 1 s duration. To test the effect of oligomeric A␤ on excitability, the number of APs generated by these current injections and the amplitude of the corresponding afterhyperpolarizations (AHP) was analyzed before and after 5-6 min bath application of 300 nM oligomeric-A␤ 1-42 or vehicle. AHP amplitude was taken as the absolute value of the difference between the voltage at threshold and the voltage measured 10 ms after the peak of the action potential using the 1 s duration current injections. For uniformity of comparisons (i.e., to account for the decrease in AP number by oligomeric A␤, or slight increases or decreases seen in vehicle), AHP measurements were made on the last AP in the condition with the smallest AP number for each cell, and compared with the corresponding AP in the paired condition for that cell. All values are given as mean ± S.E.M. Student's t-test was used for statistical comparisons. Unpaired t-tests were used to compare groups of cells, and paired t-tests were used when sequential measurements were obtained on individual cells in different conditions.
Mean baseline Rm did not differ between A␤ treated (160.1 ± 11.3 M , N = 7) and vehicle treated (156.0 ± 10.4 M , N = 7) cells at baseline (p > 0.7). Cells in both groups showed a small increase in Rm following treatment but did not differ on this measure (172.3 ± 14.3 M versus 182.7 ± 12.1 M for A␤ versus vehicle, p > 0.6).
In the 100 ms protocol (Fig. 1) , A␤ was associated with a 17.0 ± 6.1% reduction in number of AP elicited by a 250 pA current injection (6.7 ± 0.4 AP in control versus 5.6 ± 0.5 AP in A␤) and this reduction was significant (N = 7, p < 0.05). Similarly, using a 150 pA current injection in the 1 s protocol (Fig. 2) , A␤ was associated with a 34.3 ± 6.4% reduction in AP number and this change was also significant (15.7 ± 2.5 AP in control versus 10.4 ± 2.1 in A␤, N = 7, p < 0.05). In contrast to A␤, vehicle perfusion had no significant effect on AP number generated The longer (1 s, 150 pA) current injection was also used to examine the AHP. Representative traces, including enlarged views of AHPs for corresponding AP, are shown in Fig. 2A . As shown in Fig. 2C , the mean AHP amplitude was significantly increased by A␤ (120.4 ± 4.8% of control levels, N = 9, p < 0.01). In contrast, perfusion of vehicle had no effect on the amplitude of the AHP compared with control ACSF (101.4 ± 4.4% of control levels, N = 7, p > 0.7).
Together these data confirm that A␤ decreases neuronal excitability as measured by AP number, and demonstrate that this decrease is accompanied by a corresponding increase in AHP amplitude.
The present results show that oligomeric A␤ 1-42 decreased the number of AP generated by current injection and increased the amplitude of AHP, thus significantly dampening neuronal excitability. These changes in excitability parallel previous indications that A␤ is associated with impairment in neuronal function when LTP is used as the outcome measure [13, 16, 17] .
Recent reports have suggested an association between neuronal excitability and LTP induction. For example, Frick et al. [2] reported that the induction of LTP in rat hippocampal CA1 pyramidal neurons was accompanied by a local NMDA receptordependent increase in dendritic excitability as evidenced by increased calcium spike amplitude. Aged mice with enhanced Insets below these tracings show, respectively, expanded detail for spike number 13 in both control and A␤ (A1) and for spike number 19 in both control and vehicle conditions (A2) to demonstrate that A␤ increases AHP amplitude whereas vehicle does not; (B) summary plots of AP number versus delay from onset of current injection. Wash in of A␤ decreases the number of AP (left panels) whereas vehicle wash in has no effect on AP number (right panels); and (C) summary graphs of AHP changes as a function of control AHP amplitude. Wash in of A␤ (filled bars) significantly increases the mean AHP amplitude, whereas vehicle wash in (open bars) has no effect. * p < 0.01 (oligomer vs. control).
excitability (decreased AHP) on the basis of knockout of the auxiliary potassium channel subunit Kv␤1.1 showed greater LTP magnitude than controls [7] . In rat hippocampal CA1, "priming" via metabotropic glutamate receptor activation led both to increases in excitability (decreased AHP and increased AP number) and facilitation of LTP induction [1] . Our data would suggest that a reduction in neuronal excitability is a plausible explanation for previously reported A␤-mediated impairments in LTP [13, [15] [16] [17] .
Several prior studies have examined the effects of A␤ on neuronal excitability with a focus on potassium currents. For example, Good et al. [3, 4] have demonstrated that A␤ selectively blocks the fast inactivating potassium current (I A ) as well as the delayed rectifier in neuronal culture. Using modeling techniques, these investigators have postulated that blockade of I A could lead to increased excitability by increasing intracellular calcium. In contrast, others have shown that A␤ increases I A [8, 9] . Upregulation of transient voltage-gated potassium currents can diminish both the probability of AP generation and the magnitude of LTP [5] . Since we find a decrease in AP generation with A␤, our results would be consistent with an increase rather than a blockade of potassium current.
Another candidate for the mediation of excitability and its modulation by A␤ is the nicotinic acetylcholine receptor (nAChR). Activation of nAChRs by nicotine both enhances neuronal excitability and facilitates LTP [10] . nAChRs have been implicated as mediators of the oligomeric A␤ effect on LTP [14] and are known to be inhibited by A␤.
In conclusion, our data demonstrate that oligomeric A␤ 1-42 is associated with dampening effects on neuronal excitability. These effects are likely to contribute to the neuroplasticity impairments, and ultimately to the cognitive impairments, that are associated with AD.
